Binary neutron star mergers are considered to be the most favorable sources that produce electromagnetic (EM) signals associated with gravitational waves (GWs). They are also the likely progenitors of short duration gamma-ray bursts (GRBs). The brief gamma-ray emission (the "prompt" GRB emission) is produced by ultra-relativistic jets, as a result, it is strongly beamed over a small solid angle along the jet. As a result is estimated to be a decade or so before a short GRB jet within the LIGO volume points along our line of sight. However, we argue that for a realistic jet model, one whose luminosity and Lorentz factor vary smoothly with angle, the prompt signal can be detected for a significantly broader range of viewing angles. This can lead to an "off-axis" short GRB as an EM counterpart. Our estimates and simulations show, that with the aid of the temporal coincidence from a LIGO trigger, it is feasible to detect these prompt signals with a detector such as Fermi, even if the observer is substantially misaligned with respect to the jet. 
Introduction
Double neutron star (NS-NS) mergers (or neutron star-black hole mergers) are the most promising source of gravitational waves (GWs) and accompanying electromagnetic (EM) signals e.g., [1] . Such mergers are detectable by LIGO up to a few hundreds of Mpc [2] These mergers are also considered to be the most likely source of short GRBs e.g., [3] [4] [5] .
The "prompt" γ-ray emission from short GRBs is believed to be strongly beamed along an ultra-relativistic jets with half opening angle θ j and Lorentz factor Γ core ∼ > 30 [4] . If Γ core θ j > 1, it will be extremely difficult to detect the prompt emission from a short GRB jet that is misaligned by an angle θ > θ j with respect to Earth. In fact, the observed rate of short GRBs indicates that it will be a decade or more before the luminous core of a GRB jet points along our line of sight within the LIGO detectability volume of neutron star mergers e.g., [6] . However, in a realistic jet model, we expect the Lorentz factor and luminosity of the jet to vary smoothly with angle, resulting in a fast, luminous core at smaller angles, and a slower fainter "sheath" at larger angles, see Fig. 1 . This has also been motivated by quite recent numerical [7, 8] and theoretical [9] investigations of magnetohydrodynamic (MHD) jet models. Even though the prompt emission from the extended lateral "sheath" is much fainter than a typical on-axis short GRB, we propose that, due to the proximity of a short GRB within the LIGO volume of binary neutron star mergers (∼ 200 Mpc), and with the aid of a coincident LIGO trigger, this faint emission can make for a detectable source. This can lead to an "off-axis" short GRB as an EM counterpart to GW events. Figure 1 : A schematic of a short GRB jet. The prompt emission from the jet's luminous core (routinely observed as a short GRB) is strongly beamed and can only be detected by observers located within θ j from the jet axis. However, the jet is expected to have a lateral structure that moves slower and is fainter than the luminous core. Given the proximity of a LIGO-triggered short GRB, Fermi and Swift can potentially detect the prompt emission from this lateral structure even if the jet is misaligned with respect to our line of sight (see Section 3).
The structure of the jet
We perform relativistic MHD simulations using the HARM code [10] in order to investigate the structure of the jet, i.e., how the Lorentz factor and power of the jet depends on the polar angle. The jet is launched with magnetization µ = 2p mag,0 /ρ 0 c 2 25, where p mag,0 is the magnetic pressure and ρ 0 is the density at the base of the jet. Fig. 2 shows the density and Lorentz factor contour plots for a snapshot of the simulation. Very close to the compact object, we set a high density to mimic the post-merger dynamical ejecta [11, 12] . For more details on the numerical setup, see [13, 14] . From the simulations, we extract the Lorentz factor and power of the jet as a function of polar angle along a fixed radius (Fig 3) , and use it to calculate the prompt emission an observer can expect to receive from this structured jet. , where r 0 stands for a few times the radius of the central compact object. The jet accelerates as it breaks out from the dynamical ejecta and spread sideways. At large distances the jet turns conical and its lateral structure is fixed.
Emission profile of a structured jet
We calculate the observed luminosity from the jet by assuming a fixed fraction of the jet power (shown in Fig. 3 ) is radiated isotropically in the co-moving frame of the jet (see [14] for more details on the calculation). Fig. 4 shows the observed (radiated) luminosity, normalized to peak, as a function of observer angle for two types of jet models. The blue line (labeled as structured) shows the emission profile from the structured jet obtained from our simulations. The orange line (labeled uniform) shows the emission profile for a uniform or top-hat jet model, which is a commonly invoked model for GRB jets. The uniform jet model assumes a constant power and Lorentz factor within the jet, which extends up to a half opening angle θ j , and the jet abruptly vanishes for angles larger than θ j . In order to make a fairer comparison of the emission profiles between the two jet models, we assume the uniform jet has Γ = 20, which corresponds to the peak Lorentz factor of our
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Off-axis GRBs from GW events Adithan Kathirgamaraju structured jet and θ j = 10 • , which signifies the extent of the luminous core of our structured jet (see Fig. 3 ). We can estimate a delay time for this emission by calculating the photospheric radius of the jet r ph = Lσ T /4πΓ 2 µm p c 3 , where σ T is the Thomson cross-section and m p is the proton mass. We estimate that even for significantly misaligned observers (θ obs ∼ > 40 • ), the delay will be ∼ few to few tens of seconds after the merger, making for a prompt EM signal.
The typical observed short GRBs occurring at cosmological distances are viewed on-axis. If we scaled the count rate of those short GRBs to a distance of ∼ 200 Mpc (LIGO detectability volume), it would result in an extremely high count rate of ∼ 10 6 photon/s. From a previous analysis [15] , it is estimated that with the aid of a coincident LIGO trigger, a count rate of ∼ 10 3 photons/s is required in order to make a robust short GRB detection associated with the GW event (using a detector such as Fermi GBM). If we were to put these estimates in Fig. 4 , the peak would correspond to 10 6 photons/s and the detection limit of 10 3 photons/s would correspond to a value of 10 −3 when normalized to the peak, this limit is indicated by the dashed gray line in Fig. 4 . From this figure, we determine that the emission from a structured jet can be detected for a much larger range of observing angles when compared to the emission of a uniform jet. This can increase the chances of detecting a short GRB that is coincident with a GW event. As an estimate, the beaming corrected rate of short GRBs within the LIGO detectability volume of NS-NS mergers is ∼ 10 per year [16] . Guided by Fig. 4 , we assume such a short GRB is detectable up to a viewing angle of 60 • and obtain a detection rate of a few short GRBs per year. To clarify, this is the rate of detecting a short GRB within the LIGO volume when it is coincident with a GW signal.
Conclusions
We have shown that the short GRB prompt emission from a realistically structured jet can be detected by observers who are significantly misaligned with respect to the jet axis, provided the short GRB is associated with a GW event that occurs within the LIGO detectability volume. This
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Off-axis GRBs from GW events Adithan Kathirgamaraju The dashed gray line indicates the detectability limit of a short GRB within the LIGO volume that is coincident with a GW signal. We find the prompt emission from a structured jet is detectable for a much larger range of observing angles, even though this emission will be faint for off-axis observers, the timing coincidence of the LIGO trigger can help make it a significant detection. In contrast, the emission from the uniform jet is barely detectable beyond the edge of the jet.
can lead to an "off-axis" short GRB as a potential EM counterpart of GW signals. Consequently, we find the rates of detecting such a short GRB can improve substantially when the structure of the jet is taken into account, making the prompt signal a very promising EM counterpart.
